Cytogenetic analysis of reproductive wastage is an important stage in understanding the genetic background of early embryogenesis. The results of conventional cytogenetic studies of spontaneous abortions depend on tissue culturing and are associated with a significant cell culture failure rate. We performed interphase dual-colour FISH analysis to detect chromosomal abnormalities in noncultured cells from two different tissues -cytotrophoblast and extraembryonic mesoderm -of 60 first-trimester spontaneous abortions from which cells had failed to grow in culture. An original algorithm was proposed to optimize the interphase karyotype screening with a panel of centromere-specific DNA probes for all human chromosomes. The overall rate of numerical chromosomal abnormalities in these cells was 53%. Both typical and rare forms of karyotype imbalance were found. The observation of six cases (19%) of monosomy 7, 15, 21 and 22 in mosaic form, with a predominant normal cell line, was the most unexpected finding. Cell lines with monosomies 21 and 22 were found both in cytotrophoblast and mesoderm, while cells with monosomy 7 and 15 were confined to the cytotrophoblast. The tissue-specific compartmentalization of cell lines with autosomal monosomies provides evidence that the aneuploidy of different human chromosomes may arise during different stages of intrauterine development. The effect of aneuploidy on selection may differ, however, depending on the specific chromosome. The abortions also revealed a high frequency of intratissue chromosomal mosaicism (94%), in comparison with that detected by conventional cytogenetic analysis (29%; Po0.001). Confined placental mosaicism was found in 25% of the embryos. The results of molecular cytogenetic analysis of these cell culture failures illustrate that the diversity and phenotypic effects of chromosomal abnormalities during the early stages of human development are underestimated.
Introduction
The crucial role of chromosomal imbalance in abnormal early human development is well established. Approximately 50 -60% of first-trimester spontaneous abortions have karyotype abnormalities: mainly numerical chromosomal changes, such as autosomal trisomy, monosomy X and polyploidy. This conclusion is based on the results of cytogenetic studies conducted in laboratories throughout the world. 1 -7 Results of conventional cytogenetic analysis of spontaneous abortions strongly depend on tissue culturing and are associated with a significant culture failure rate, which varies from 5 to 42% in different laboratories. 2, 3 The cytogenetic factors of cell death in vitro are not sufficiently investigated. It is possible to assume that tissue culture failure is a marker of particular genomic imbalances incompatible with normal cell proliferation. If this hypothesis is true, then the standard cytogenetic analysis of spontaneous abortions may underestimate the frequency and diversity of detected chromosomal abnormalities. Current molecular cytogenetic techniques, such as comparative genomic hybridization (CGH) and fluorescence in situ hybridization (FISH) on interphase nuclei, provide an excellent possibility for karyotype screening in noncultured cells. Interphase FISH has advantages over CGH because it allows the detection of all types of numerical abnormalities (aneuploidy and polyploidy), including mosaic forms. The aim of the present study was to investigate chromosomal abnormalities in spontaneous abortion cell culture failures by interphase FISH analysis of noncultured cells with low proliferative capacity.
Material and methods
Tissue samples and controls Extraembryonic tissues had been collected as part of a cytogenetic study of spontaneous abortions at the Cytogenetics Laboratory of the Institute of Medical Genetics, Tomsk, Russia. A total of 146 samples were received from women with echographically diagnosed missed abortions (111 samples) or blighted ovums (35 samples). Gestation ages varied from 5 to 12 weeks. The samples of 13 induced abortions, from healthy women of 6 -12 weeks of normal pregnancy, were used to determine the cutoff level of spontaneous aneuploidy and polyploidy by interphase FISH in extraembryonic tissues. All patients gave informed consent for research. After termination of the pregnancies, tissue samples were immediately delivered to the laboratory. Samples were released from maternal decidua and blood clots and were divided into two parts, which were used for cell culture or for the preparation of noncultured single-cell suspensions. Long-term cultures, preparation of metaphase chromosomes and G-banding were performed by standard protocols. 1 
Results
A total of 60 spontaneous abortions, from which cells had failed to grow in vitro, were studied by dual-colour interphase FISH of noncultured cells of two different tissuesFcytotrophoblast and extraembryonic mesoderm ( Table 1 ). The overall rate of detected numerical chromosomal abnormalities was 53%. Trisomies of autosomes were the predominant chromosomal aberrations (50%). The incidence of sex chromosomes aneuploidies was 13%, followed by triploidy (9%) and tetraploidy (9%). All these types of numerical chromosomal abnormalities are typical for human spontaneous abortions. Surprisingly, six cases of monosomy were detected for chromosomes 7, 15, 21 and 22 in mosaic form with a predominant normal cell line ( Table 2 ). The frequency of autosomal monosomies in samples with low proliferative capacity was 19%. Cell lines with monosomies 21 and 22 were found both in cytotrophoblast and mesoderm, while cells with monosomies 7 and 15 were confined to the cytotrophoblast only. We found no statistical differences between maternal age of embryos with normal karyotype (26.375.8) and abortions with autosomal monosomies (25.576.3; P ¼ 0.76).
The results of interphase FISH analysis were compared with conventional cytogenetic data of 86 spontaneous abortions that had shown normal cell proliferation in the same culture conditions. Comparison of the frequencies and types of detected chromosomal abnormalities in both groups of spontaneous abortions are given in Table 3 .
The interphase FISH analysis of noncultured cells with low proliferative activity also revealed a high frequency of intra-tissue chromosomal mosaicism. Among 32 spontaneous abortions with chromosomal abnormalities, 30 conceptions (94%) had two or more cell lines with different chromosomal constitution. Confined placental mosaicism was found in seven embryos (25%) ( Table 1) .
Different cell lines in placental tissues were unlikely to be due to maternal cell contamination, since 66.7% of the [2, 3] , [4, 6] , [7, 8] , [9, 10] Detection of aneuploidy Euploidy for observed chromosomes IV. Copy number analysis for chromosomes [11, 12] , [17, 20] mosaic embryos had XY chromosomal constitution, while the sex ratio for embryos with low cell proliferation and normal karyotype was 1.00. Mosaic karyotypes were also found in aborted material with normal cell proliferation using classical cytogenetic analysis. However, their frequency was significantly lower than in spontaneous abortions from which cells had failed to grow in culture (Po0.001). Thus, only 14 of the 49 spontaneous abortions with chromosomal abnormalities (29%) detected by metaphase analysis had mosaic karyotypes: 11 embryos had diploid/tetraploid mosaicism, two had disomy/trisomy mosaicism, and one had a diploid/ triploid karyotype. The sex ratio for embryos with normal cell proliferation and a normal karyotype was 0.68. No significant differences between the sex ratio in cultured and non-cultured cells with normal karyotype were observed (the w 2 ¼ 0.26, P ¼ 0.61), therefore it was unlikely that there was maternal cell contamination in our material.
Discussion
The hypothesis that the proliferative capacity of cells is connected with chromosomal constitution has long been discussed. 12 -14 The results of the investigations presented here indicate that the majority of cells with chromosomal aberrations are able to support their own proliferation in vitro for a limited time. Recent data on amniotic cell culture failures show that the frequency of abnormal karyotypes is much greater in those pregnancies in which culture failure occurs, in comparison with those in which a cytogenetic result is obtained (10 -19% vs 1 -4%). 15 -17 Current molecular cytogenetic techniques have a great potential for the analysis of chromosomal aberrations in spontaneous abortion cell culture failures, but only three papers devoted to this problem have been published. 18 -20 In these studies, chromosomal abnormalities were detected in 47 -72% of the cases. However, all these investigations were performed using the CGH technique, which has limitations for the detection of low-level mosaicism and polyploidy. For the first time, we have applied an interphase FISH approach to the study of cell culture failures in spontaneous abortions. This allows the detection of all types of numerical chromosomal abnormalities and provides a powerful tool for the screening of mosaicism. The laborious nature of the work can be greatly reduced by the proposed diagnostic algorithm, which provides the correct estimation of karyotype abnormalities, excluding structural aberrations and multiple aneuploidy. It is known that the structural aberration rate in human spontaneous abortions is lower than 5%. 1 -7 The double or triple trisomies are also rare events, accounting for 1.38% and 0.05% respectively, on average. 21, 22 Therefore the statistical power of the proposed algorithm tends to 95%. The overall incidence of numerical chromosomal abnormalities detected in noncultured cells of spontaneous abortions with low cell proliferation was 53%. This figure is similar to the frequency of aberrations usually revealed by conventional cytogenetics in the first-trimester pregnancy loss (50 -65%).
1 -7 Further, we found no statistical difference between the overall rates of numerical chromosomal abnormalities in cells with low and normal proliferative capacity (Table 3) . Similar data were obtained in all three above-mentioned CGH-based studies 18 -20 (Table 4) , although some of the investigators 20 suggested that the contribution of chromosome aberrations to the first trimester pregnancy loss is nearly 70%. On the other hand, differential effects of particular forms of chromosomal imbalance on cell proliferation are possible. Our data show that the spectrum and rate of some types of karyotype disorders differ in cells with varying proliferative capacity in vitro. Specifically, the frequency of mosaic autosomal monosomies in embryos with cell culture failures was 19%. Autosomal monosomy is a very rare finding among spontaneous abortions. Only a few cases are known of this type of aneuploidy in embryos. 1, 4, 5 It is suggested that the overwhelming majority of such zygotes are eliminated before implantation. 23 The observation of embryos with mosaic autosomal monosomies indicates that these conceptions have passed the early stages of postimplantation differentiation. We have evaluated a tissue-specific distribution of cell lines with autosomal monosomies in cytotrophoblast and extraembryonic mesoderm. These tissues differentiate from various extraembryonic and embryonic progenitors, hence the pattern of abnormal cell line distribution can specify the time and stage of intrauterine development at which chromosomal abnormalities arose. 24 Our results indicate that cell lines with monosomy 7 and 15, which have not previously been described in spontaneous abortions, were confined to the cytotrophoblast only. 30 It is possible that the lethal effect of observed autosomal monosomies is caused by haploinsufficiency of certain gene(s) and controlled by dosagesensitive mechanisms. Alternative mechanisms for the phenotype effects of mosaic monosomies connected with uniparental disomy (UPD) must be considered. UPD as a result of monosomy zygote rescue is a potential way of mosaic karyotype forming, especially for cases 3, 5 and 6 (see Table 2 ). It is important to note that, as imprinting loci on chromosomes 21 and 22 have not been discovered to date, nothing is known about the phenotype effects of UPD 21 or UPD 22 on early stages of human embryo development. The observation of two cases of maternal uniparental heterodisomy for chromosome 21 in spontaneous aborted embryos 31 indicates that further investigations are needed to check this assumption. Regarding chromosomes 7 and 15, with well-established effects of genomic imprinting the Other forms of chromosomal abnormalities in cells with low proliferative capacity were typical for spontaneous abortions (Table 3 ). Polyploid cells apparently have a normal proliferative activity. Moreover, we found the prevalence of mosaic polyploid cell lines in long-term cultures. Thus, the coincidence of overall numerical abnormalities rates in samples of spontaneous abortions with low and normal cell proliferation observed both in the present study and in the literature, is probably the result of differential effects of various forms of karyotype imbalance on cell phenotype.
The results of FISH analysis of uncultured cells from spontaneous abortions reveal a high frequency of both intra-tissue and confined placental mosaicism. This observation underlines the fact that early stages of human development are associated with a high rate of mitotic errors, 7, 32 and this is confirmed by data from molecular cytogenetic analyses of cleavage stage embryos. 33 It is probable that mitotic instability is an important factor of early prenatal selection.
In conclusion, it is necessary to note that chromosomal abnormalities are not a unique factor influencing cell proliferation. It is possible that the gene content of different chromosomes, DNA polymorphism and epigenetic modifications have their own contribution to the cell proliferative capacity. Our results point out the significance of a careful molecular cytogenetic examination of cell culture failures for the elucidation of genetic background of prenatal selection in man.
